N
N

N

HAL

open science

CN Zeeman measurements in star formation regions
Edith Falgarone, Thomas H. Troland, Richard M. Crutcher, Gabriel Paubert

» To cite this version:

Edith Falgarone, Thomas H. Troland, Richard M. Crutcher, Gabriel Paubert.
surements in star formation regions. Astronomy and Astrophysics - A&A, 2008, 487, pp.247-252.
10.1051/0004-6361:200809577 . hal-03785471

HAL Id: hal-03785471
https://hal.science/hal-03785471
Submitted on 20 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

CN Zeeman mea-


https://hal.science/hal-03785471
https://hal.archives-ouvertes.fr

A&A 487, 247-252 (2008)
DOI: 10.1051/0004-6361:200809577
© ESO 2008

A8§tronomy
Astrophysics

CN Zeeman measurements in star formation regions

E. Falgaronel, T. H. Troland?, R. M. Crutcher®, and G. Paubert*

I LERMA/LRA, CNRS UMR 8112, Ecole Normale Supérieure and Observatoire de Paris, 24 rue Lhomond,

75231 Paris Cedex 05, France
e-mail: edith@lra.ens. fr

e-mail: troland@pa.uky.edu

University of Kentucky, Department of Physics and Astronomy, Lexington, KY 40506, USA

3 University of Illinois, Department of Astronomy, Urbana, IL 61801, USA

e-mail: crutcher@uiuc.edu
IRAM, 7 avenida Divina Pastora, Granada, Spain
e-mail: paubert@iram.es

Received 14 February 2008 / Accepted 17 May 2008

ABSTRACT

Aims. Magnetic fields play a primordial role in the star formation process. The Zeeman effect on the CN radical lines is one of the
few methods of measuring magnetic fields in the dense gas of star formation regions.
Methods. We report new observations of the Zeeman effect on seven hyperfine CN N = 1-0 lines in the direction of 14 regions of

star formation.

Results. We have improved the sensitivity of previous detections, and obtained five new detections. Good upper limits are also
achieved. The probability distribution of the line-of-sight field intensity, including non-detections, provides a median value of the
total field B,,; = 0.56 mG while the average density of the medium sampled is n(H,) = 4.5 X 103cm™. We show that the CN line
probably samples regions similar to those traced by CS and that the magnetic field observed mostly pervades the dense cores. The
dense cores are found to be critical to slightly supercritical with a mean mass-to-flux ratio M/® ~ 1 to 4 with respect to critical. Their

turbulent and magnetic energies are in approximate equipartition.
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1. Introduction

The role of magnetic fields in the formation of structure in dense
molecular clouds and in the star formation process remains un-
clear (see Crutcher 2007, for a recent review). If sufficiently
strong, magnetic fields may support clouds against gravitational
collapse and thus prevent or delay star formation. Shu et al.
(1999), Mouschovias & Ciolek (1999), and MacLow & Klessen
(2004) have reviewed the theory. Magnetic fields appear to pro-
vide the only viable mechanism for transporting angular momen-
tum from collapsing cores, and they may play a significant role
in the physics of bipolar outflows and jets that accompany proto-
star formation (Cabrit 2007). Observation of magnetic fields in
molecular clouds is therefore crucial.

Crutcher (2007) reviewed the various techniques and results
for studying magnetic fields in molecular clouds. Of these tech-
niques, the Zeeman effect provides the only direct method for
measuring magnetic field strengths in molecular clouds. To date,
detections of the Zeeman effect in the interstellar medium have
been made only in lines of H I, OH, CN, and H,O. Thermal
lines of the first two species probe relatively low-density gas —
n(H) < 10* cm=3. OH and H,O maser emission lines probe high
densities, but in special regions — very localized in space and
perhaps shock compressed. As a tracer of high density gas, the
CN thermal lines probe dense regions in molecular clouds and
CN Zeeman observations are therefore a unique tool for measur-
ing magnetic field strengths in star formation regions.

The radio transitions of CN have been discussed extensively
by Turner & Gammon (1975). The Einstein A of the strongest
CN hyperfine component withinthe A =3 mm N = 1 — 0 tran-
sition is A = 1.19 x 107 s~!, which means that the N = 1 — 0
transition of CN offers the opportunity to measure magnetic
fields in the density range 10* to 10° cm™=3, the density of molec-
ular cores that may be in transition from equilibrium (between
gravity and magnetic/turbulent support) to collapse to form
stars.

Previously, a successful series of CN Zeeman observations
was carried out with the IRAM 30-m telescope, with a quarter-
wave plate polarimeter (Crutcher et al. 1996, 1999). In this paper
we report additional results obtained with the IRAM-30 m tele-
scope with a new correlation spectropolarimeter. We both im-
proved the sensitivity of some of the previous results and ob-
tained data on new sources.

2. The CN Zeeman effect

Table 1 lists the 7 strongest CN hyperfine lines together with
each line’s frequency, relative intensity, Zeeman splitting coef-
ficient, and relative sensitivity to the Zeeman effect (the prod-
uct of the Zeeman splitting coefficient and the relative intensity).
The fact that the N = 1 — O transition of CN has 7 strong
hyperfine components (there are actually 9 components, but 2
are much weaker than the others and hence are not useful for
Zeeman observations) with very different Zeeman splitting fac-
tors is essential for the success of CN Zeeman measurements.
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Table 1. CN N = 1-0 hyperfine lines.

Line v(GHz) RI° Z(Hz/uGY RIxZ¢
T 113.144 8 2.18 174
2 113171 8 ~0.31 2.5
3 113191 10 0.62 6.2
4 113488 10 2.18 21.8
5 113491 27 0.56 15.1
6 113500 8 0.62 5.0
7 113509 8 1.62 13.0

¢ Rl is the relative intensity of each hyperfine component.
b Z is the Zeeman splitting factor of each hyperfine component.
¢ RI X Z is the relative sensitivity to Bies.

Instrumental polarization such as beam squint (a two-lobe pat-
tern in the circularly polarized primary telescope beam), polar-
ized sidelobes, et cetera will typically produce a Stokes V signal
in the CN spectra that is comparable to or larger than the Zeeman
signal. There is no way to avoid this for extended emission, and it
would be extremely difficult, if not impossible, to eliminate these
instrumental polarization artifacts. The main effect of instrumen-
tal polarization is to produce a pseudo-splitting of the spectral
line that appears to mimic Zeeman splitting. However, instru-
mental polarization does not know about the Zeeman effect. The
CN Zeeman splitting factor (Crutcher et al. 1996) varies quite
significantly among the 7 hyperfine components (see Table 1).
It is possible to observe all 7 hyperfine lines simultaneously
and to fit the 7 observed Stokes V spectra to the expression:

Vi(v) = CiLi(»)+Co 52 103 2,940 where i = 1 to 7 for the 7 hy-
perfine components and Z; is the Zeeman splitting factor for each
hyperfine line. C; absorbs any gain difference between left and
right polarization and any linearly polarized line signal. C, ab-
sorbs any instrumental polarization effects that produce pseudo-
Zeeman splitting. C3 is non-zero only if there is circular polar-
ization line splitting due to the CN Zeeman effect. Crutcher et al.
(1996) tested this fitting procedure with simulated noisy data and
found that it is robust; for example, a 20- Zeeman signal can be
reliably extracted from data with more than an order of magni-
tude larger instrumental polarization artifacts. For CN Zeeman
observations the polarimeter need not be perfect (as indeed the
quarter-wave plates used previously were definitely not), and po-
larized sidelobes that would severely affect attempts to measure
polarization of extended emission or other instrumental polar-
ization effects do not prevent success.

3. Observations

Observations were carried out with the IRAM-3 Om telescope,
which has a beam width of 23" at this frequency, in May 2004,
2005, 2006 and 2007. In order to observe at the peak CN line
positions, we first made very short Stokes / maps (generally
5-point maps). For our observations the two orthogonally po-
larized heterodyne receivers were made coherent by sharing ref-
erence synthesizers. The signals from the receivers were fed to
the Vespa correlator which performed the auto-correlations and
cross-correlations of the signals from both receivers. This gave
4 spectra — the power spectra of the horizontally and vertically
(in the receiver cabin) polarized receivers, and the real and imag-
inary parts of the cross-correlations (i.e., the horizontally polar-
ized receiver correlated with the vertically polarized receiver).
The spectra were first converted to temperature scale by ap-
plying the standard calibration procedure for spectral observa-
tions. The next step was to correct for the phase errors: while the
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receivers are coherent, they exhibit an unknown phase difference
(due to slightly different optical paths, unmatched cable lengths,
absolute phase of the spectrometers) which must be taken into
account. This difference was measured by taking an additional
spectrum on a cold load through a polarization grid during the
calibration procedure. The uncertainty on the phase correction
in each individual channel was about 0.1° rms. It was also very
stable with time, varying by less than 1° per hour.

The phase correction was applied to the cross-correlation
spectra to obtain 4 spectra in the receiver cabin do-
main (Horizontal, Vertical, Real and Imaginary). Stokes [
is Horizontal+Vertical and the imaginary part of the cross-
correlation spectra is Stokes V, the circular polarization com-
ponent. We therefore obtained Stokes / and V spectra for each
source. Although Stokes U and Q spectra were potentially avail-
able, we did not make use of these data.

4. Results

Together with the earlier CN Zeeman observations, there are
now sensitive CN Zeeman observations toward 14 positions.
CN Zeeman results for OMC1n4 are from Crutcher et al. (1996)
and for OMCls, DR210H1, and DR210OH2 are from Crutcher
et al. (1999). Results for other positions are based on the obser-
vations reported here, both of new sources and additional inte-
grations on previously observed positions to improve the sensi-
tivity.

Table 2 gives positions and various physical parameters for
the CN Zeeman sources. Appendix A gives additional notes on
the individual clouds, including especially the references for the
density and radius of each. T’} is the observed line strength of
the strongest hyperfine component, line 5 in Table 1. v is the line
peak velocity with respect to the local standard of rest, and Av
is the full line width at half maximum intensity. Distances (d)
are taken from the literature. The radius of the CN sources we
observe (r) are determined from the distances and the measured
angular sizes of CN emission if available, or other tracers such
as CS if not. We assumed that CN and the other high density
tracers are co-located, although only higher angular resolution
(interferometer) mapping can test this assumption.

Simon (1998) mapped many of the CN Zeeman clouds with
the IRAM-30 m telescope in both the CN N = 1 — 0 and
N = 2 — 1 lines; we determine radii from his maps when-
ever possible. The volume densities of H, in the regions where
CN is observed are taken from the literature, usually from anal-
ysis of the excitation of CS lines; the critical density of the
J =2 — 1 CS transition is n ~ 8 x 10* cm™>, very similar
to that of the N = 1 — 0 CN transition (Turner & Gammon
1975) (see Appendix A for details).

The column density of H, has been estimated in two ways.
(1) N, ,(Hz) comes from n(H) and the core radius, assuming
a spherical core. (2) Ncn(H) comes from our inference of the
column density of CN molecules, as follows. Our spectra show
that although the measured relative intensities of the 7 hyper-
fine components vary slightly from their optically thin LTE ra-
tios (Table 1), the variations are not large, suggesting that the
CN lines are optically thin. We checked this quantitatively as
follows. We assumed LTE, which implies that, except for line
optical depth effects, the relative strengths of the observed lines
should be those given in Table 1. Lines 3 and 4 have the same
relative intensity, so we averaged these observed line strengths
and obtained the observed strength of relative intensity 10 lines
from this average. We then computed the ratio of the observed
strengths of line 5 to the line 3 and 4 average. For a very large
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Table 2. CN Zeeman sources — positions and physical parameters.

Cloud (}'(2000) 6(2000) T; v Av d r n(H2) Nn,r(HZ) NCN(HZ) Mobs Mvir

K kms! kms! kpc pc  100cm™ 10%cm™2 10%cm™? M, M,
W30H 022704.1 615222 22 465 42 24 0.12 1.5 1.1 0.9 88 430
OMCls 0535135 052252 147 8.5 2.0 045 0.03 18 34 23 17 26
OMClnl 0535145 -052207 13.0 9.9 1.4 0.45 0.03 18 3.6 1.5 16 13
OMCl1n4 053516.8 051931 145 9.4 1.5 045 0.03 14 2.8 2.2 18 15
NGC2024 0541442 015541 8.6 11.0 22 045 0.04 59 1.4 22 18 40
S255 0612537 175922 5.6 7.3 23 25  0.18 3.7 4.2 1.3 500 200
G10.6 181028.7 -195549 89 2.8 5.8 6.5 0.19 14 16.4 4.9 2100 1300
M17SWHI 1820229 -161132 173 19.9 43 1.3 0.11 6.0 4.2 6.2 430 440
MI7SWCN 182025.0 -161342 16.9 19.6 33 1.3 0.10 6.0 3.7 53 290 230
S1060H 2027284 372241 53 -1.7 2.0 1.7 0.07 1.0 0.4 0.9 17 55
S106CN 2027295 372254 73 -1.8 1.9 1.7 0.07 1.0 0.4 1.3 21 50
DR210H1 2038599 422238 45 4.7 23 3 0.15 1.7 1.5 1.0 170 160
DR21IOH2 2038599 422238 2.6 -0.9 2.3 3 0.15 1.7 1.5 0.7 140 160
S140 221917.1 631835 6.0 -6.3 24 09 0.05 6.0 1.0 1.3 28 63

15 T T T T

line optical depth, this ratio should be 1; for a very small line
optical depth, the ratio will be 2.7. All but one of these ratios
are within the range 2.7-1 expected for LTE line strengths and
zero to infinite line optical depth; the one that is not has the
RI = 10 lines only very slightly too weak for LTE and low op-
tical depth. The maximum line optical depth found by this tech-
nique is 7 = 0.5. We therefore compute the column density in
the N = O state assuming the RI = 10 lines are optically thin
(see Turner & Gammon 1975). We then compute the total col-
umn density of CN in all states by assuming that all states are
excited with an assumed excitation temperature of 25 K. (These
are warm, dense cores, and several of the T, are not too far be-

low 25 K in strength.) We then assume CN/H, = 4 X 107 in
order to find Ncn(H»). This value of CN/H; is consistent with
those found by Turner & Gammon (1975) in dense, warm cores,
and matches the results found in OMCI1 cores by Johnstone
et al. (2003). Finally, we compute the observed masses Mps
of the CN Zeeman sources from the radii and geometric mean
of N, ,(Hz) and Ncn(Hz), denoted Na3(Hy) in the following. We
also list for comparison the virial masses M, = 210rAV Mo,
where r is expressed in pc and Av in kms~!.

As an example of the data, Fig. 1 shows the spectra of
W3OH. The Stokes / spectrum is the average (weighted by the
sensitivity to the Zeeman effect) of hyperfine lines 1, 4, 5, and 7
(Table 1); these are the lines that have significant sensitivity to
the Zeeman effect. The Stokes V spectrum is the equivalent aver-
age, where the non-Zeeman contributions to the observed V due
to gain imbalance and instrumental polarization (coefficients C;
and C; in the fitting equation (Sect. 2)) have been removed. For
W3OH the instrumental polarization contribution to Stokes V is
the equivalent of a 5.6 mG Zeeman signal for a (totally artificial)
Z = 1 Hz/uG for all 7 hyperfine components. Hence, the in-
strumental polarization contribution in this case is about 5 times
greater than the true Zeeman signal. Only the large variation in
the Zeeman splitting factors among the hyperfine components
makes it possible to obtain reliable B results from CN Zeeman
observations, as discussed in Sect. 2. Overplotted on Stokes V is
dI/dv computed from the average Stokes / spectrum and scaled
to the fitted magnetic field strength, Bjos = +1.10 mG.

In Table 3, we list the line-of-sight magnetic field
strength Bjos and the lo uncertainty in each measurement.
Instrumental polarization effects have been eliminated from the
Stokes V spectra by the fitting procedure, so the uncertainty in
each measurement is dominated by stochastic noise. Earlier dur-
ing the series of CN Zeeman observations (Crutcher et al. 1996)

Stokes | (K)
o
(&
T
1

0.005

0.000

Stokes V (K)

-0.005

-0.010 L L L
-60 -55 -50 -45 -40 -35

LSR Velocity (km/s)

Fig. 1. W30H CN Zeeman spectra. The top plot is the Stokes parame-
ter / spectrum, and the bottom plot is the Stokes parameter V spectrum
(histogram) and d//dv (heavy line) scaled for Bj,s = +1.10 mG.

we tested the Zeeman fitting procedure by simulating the fitting
process with artificially generated spectral lines with various Bjes
and random spectral noise. We then fitted the resulting spectra to
test what signal-to-noise ratio was required to achieve a reliable
detection of Bjy,s. We found that the results followed the normal
probability distribution function, so at the 20" level 4.6% of the
measurements would be false positives. For 14 measurements
(the number of cloud measurements reported here), one would
then expect 0.6 false “detections” of Bjos. We therefore adopted
20 as the statistically valid cut off for claiming detections. Our
lowest signal-to-noise ratio is slightly above 2¢0. Therefore, the
detections we claim here are all probably real, although it is
possible (although statistically unlikely) that 1 or even 2 of the
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Table 3. CN Zeeman magnetic field results.

E. Falgarone et al.: CN Zeeman measurements in star formation regions

Cloud Bios o M/ M T M/T
mG mG  (wrtcritical) 10 ergem™ 107 erg cm™

W30H .10 0.33 <0.6 >48 5.8 >8
OMCls 0.04 024 - - 16 -
OMClnl -0.36  0.08 <45 >5.2 7.8 >0.7
OMClIn4 0.08 0.10 - - 6.9 -
NGC2024 0.01  0.12 - - 6.3 -
S255 -0.73  0.34 <22 >21 43 >5
G10.6 0.74  0.27 <84 >22 100 >0.2
MI17SWHI 0.14 0.13 - 24 -
MI7SWCN  -0.22  0.08 <14 >1.9 14 >0.1
S1060H -0.52  0.38 - - 0.9 -
S106CN -0.06 0.20 - - 0.8 -
DR210H1 -0.36  0.10 <24 >5.2 2.0 >2.6
DR210H2 -0.71  0.12 <1.0 >20 2.0 >10
S140 -0.25 0.09 4.4 >2.5 7.6 >0.3

results near the 20~ limit may not be true detections. There are
therefore 8 probable detections of Bjos and 6 sensitive upper lim-
its. Finally, we list the mass-to-magnetic flux ratios M/® with
respect to critical and the magnetic and kinetic energy densities
M = B?/8tand T = %p(rz. Note that the quantities involving
the magnetic field strength are determined from B\os and not Byo.
Bjos 1s a lower limit to Byy; hence, for detections of the magnetic
field, M/® is an upper limit and M is a lower limit, as shown in
the table. For non-detections of the Zeeman effect, we have a 20
upper limit on Bj,; hence, we do not list values for the magnetic
quantities in these cases.

5. Comparison with other observations

Toward S140 our result is Bjos = —0.25 +£0.09 mG, a detection at
the 2.80 level. Uchida et al. (2001) reported no detection in SO
Jy = 1,—1; line Zeeman observation, with o (Bj,s) ~ 0.4 mG,
which is consistent with our result. The critical density of the
SO transition is about an order of magnitude higher than that of
the CN transition, so SO samples higher density gas. The CN and
SO observations were at the peak line strengths positions in each
species, and differed by ~30”, or about half the SO beam width.

Toward W3OH our result is Bjos = +1.1 +£ 0.3 mG, a detec-
tion at the 3.70 level. Giisten et al. (1994) reported a Zeeman
detection in their excited-state OH absorption line observations,
and inferred Bj,s = +3.2 £ 0.6 mG from a fit to the entire I pro-
file. However, comparison of the results is complicated by the
fact that the line profiles of OH and CN do not agree in detail.
The OH line has two components, at —45.1 and —47.5 km sl
Giisten et al. felt that the Zeeman signal came from the stronger
component at —45.1 km s7!, and inferred Bjos = +3.1 + 0.4 mG
from a fit to that component only. The CN line appears to have
three velocity components, none of which agrees precisely with
the OH components. These differences may be due to the fact
that the OH absorption must come from our side of the contin-
uum, while the CN emission may come from behind the con-
tinuum. Also, CN is seen in emission with a 23” beam, while
the OH is in absorption against the ~1” compact H II region.
Moreover, the two transitions sample different densities. The A-
doublet lines are within the 2I15 12,J = 7/2 state of OH, which
is 290 K above the ground state. The OH observations therefore
sample hot, dense gas. Cesaroni & Walmsley (1991) estimated
n(Hy) ~ 7 x 10° cm™ and Tyue ~ 150 K for the region probed
by the excited-state OH lines.

We observed two positions toward the M17SW molecular
cloud. The M17SW(CN) position is at a local CN peak inten-
sity position. That position was also observed during the ear-
lier experiment (Crutcher et al. 1999), when Bj,s = —0.33 =
0.14 mG was reported. That is consistent with our new result
of Bj,s = —0.16 £ 0.10 mG; combining the two observations
yields Bjos = —0.22 + 0.08 mG. Our results can be compared
with VLA H I and OH absorption-line Zeeman maps (Brogan
& Troland 2001) made with beams sizes close to our CN beam
size. They did not report a detection in H I at our M17SW(CN)
position, but an extrapolation from positions ~1 beam away sug-
gests Bjos * —0.1 mG in the 20 kms~! velocity component, in
fair agreement with our result. The M17SW(HI) position corre-
sponds to a position where Bjos ~ —0.5 mG in both OH and H I.
The VLA result is completely different from our CN result of
Bios = +0.14 + 0.13 mG; although our CN result is not a de-
tection, it differs by ~5¢0 from the VLA results. As for W3OH,
the CN emission and OH and HI absorption lines may sample
different regions.

~

6. Discussion
6.1. Origin of the CN line emission

Our targets are peaks of CN N = 1 — 0 line emission in ac-
tive star formation regions. In most cases, these peaks do not
exactly coincide in projection with the center of dense cores,
as traced by other molecular lines such as CS and isotopes or
HC;N. This could perhaps be explained by the formation routes
of CN. Boger & Sternberg (2005) suggest that in gas denser
than 10* cm™, the entire CN column density is built up in the
C*/C/CO transition layer and the larger the density, the sharper
the concentration of the regions of large CN abundances in the
illuminated layers (Ay < 2 mag). In this astrochemical picture,
the CN N = 1 — O transition with its critical density of the or-
der of 10° cm™ is selectively sensitive to UV irradiated layers
of dense cores, and/or dense PDRs. The CN Zeeman measure-
ments would then sample a magnetic field strength that is not
necessarily that present within the dense core itself. However,
our inferrence of CN column densities seems to be at odds with
this astrochemical picture.

Our analysis of the CN data yielded the CN column den-
sities in the ground state, No(CN); over the 14 positions the
range was 2 X 10"* cm™ < Np(CN) < 9 x 103 cm™2, with
a geometric mean No(CN) ~ 7 X 10" cm™2. Our LTE calcu-
lation of the column densities in all rotational states yielded
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G)

N, (Hy/cm?)

Fig. 2. The line-of-sight magnetic field strength from our CN Zeeman
observations versus the column density of H, (the geometric mean of
our two determinations). N»s is N x 10723, The dashed line is the critical
mass-to-flux ratio, and the solid line is the median mass-to-flux ratio
inferred from B), (before geometric corrections).

2x 10" em™ < N(CN) < 2x 105 cm™2, with a geometric mean
N(CN) ~ 6 x 10" cm™2. With [CN]/[H;2] = 4 x 107°, these val-
ues for N(CN) yielded Ncn(H) in reasonable agreement (i.e.,
within a factor 3) with N, ,(H,), derived from volume densi-
ties and radii. This agreement suggests that the value [CN]/[H;]
we used is approximately correct. The values for N(CN) and
[CN]/[H2] do not agree with theoretical astrochemical values
(cf. Boger & Sternberg 2005), which are based on CN existing
in PDR regions only. In particular, the model has significantly
lower N(CN) than the values we observe. Our results suggest
that the CN in the regions we observe sample approximately the
same regions and densities as sampled by CS, and therefore that
CN serves as a good probe of magnetic field strengths in dense
regions, n(H,) ~ 10°~® cm™3. This view may be supported by
the recent findings of Hily-Blant et al. (2008) who show that
CN, like N,H* and unlike CO, is not depleted towards the cen-
tral parts of two dense cores.

6.2. Mass to flux ratio

Figure 2 shows our measured Bj,s in mG versus Ny3(Hy) in
10> cm™2. We can use these values to compute the measured
mass-to-flux ratios with respect to the critical value, (M/®)., =
0.76 N23(H)/B(mG) (cf. Crutcher 2004). The weighted (by un-
certainties in Bj,s) mean value of the mass-to-flux ratio with re-
spect to critical is M/® = 6.0+0.5. All measurements, including
the non-detections, are included in this calculation. That mean
value is plotted as a solid line. The dashed line shows the locus
of critical mass-to-flux ratio; points above this line would have
a subcritical M/®. Keeping in mind that By is a lower limit to
B, all observed points on this plot could be higher (less super-
critical, more subcritical) if we could plot Bi. Two points lie
on the critical line and one lies above the critical line even with
Bj,s being plotted. This suggests that these cores are critical to
subcritical, but the uncertainties in the measures of By are too
large for a definite result.

Although we can only determine upper limits on the mass-to-
flux ratios for individual sources, we can use our weighted mean
value to carry out a statistical assessment. Heiles & Troland
(2005) have shown that the observed distribution of Bj,s does
constrain the median value of By, and that the average value of
Byos is close to By /2 for a wide range of probability distribu-
tions of B We need to correct for the facts that we measure
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only the line-of-sight component of the magnetic field (the fac-
tor of 1/2 correction discussed above), and that if the cores have
a disk morphology we overestimate the column densities along
the magnetic field (see Crutcher 2004). The combined correction
for both of these geometry effects is 1/3, so our best estimate for
the mean mass-to-flux ratio in these cores is M/® =~ 2.0 with
respect to critical. Hence, our determination of the mean value
of M/® yields a slightly supercritical result. However, the es-
timate of column densities is uncertain by ~2, so the possible
range of the mean mass-to-flux ratio is M/® ~ 1-4, or critical
to supercritical by a factor of four.

6.3. Alfvénic Mach number

The Alfvénic Mach number is given by My = \/50'/ va, Where o
is the one-dimensional velocity dispersion and vy = Biot/ \/ZW
is the Alfvén speed. Then M = 5.1 10~* Vn(H,)Av/ Bior, where
n(Hy) is in em™, Av is in kms™!, the total field strength By is
in mG, and we have assumed Gaussian velocity profiles and a
10% He abundance. The geometric mean values from Tables 2
and 3 are n(Hy) = 4.5 x 10° cm™>, Av = 2.5 kms™', and
Bjos = 0.28 mG. With the mean geometrical statistical correction
2B1os = Bioi, Wwe have a mean Alfvénic Mach number M = 1.5.
Therefore, turbulent and magnetic energies are in approximate
equipartition.

7. Conclusions

These new observations of the Zeeman effect on the CN N =
1-0 lines have significantly improved the statistics on the mag-
netic field intensity in dense star formation regions. We use
our 8 detections and 6 non-detections to derive a median value
of the total field By, = 0.56 mG in gas of average density
n(Hy) = 4.5 x 10° cm™3. We show that the CN line probably
samples regions similar to those traced by CS and are therefore
confident that the magnetic field observed mostly pervades the
dense cores. The dense cores are found to be critical to slightly
supercritical with a mean mass-to-flux ratio M/® ~ 1 to 4, with
respect to critical. Their turbulent and magnetic energies are in
approximate equipartition, or the observed internal motions are
slightly super-Alfvénic.

Since the Zeeman effect is sensitive only to the line-of-sight
component of the field, more definite results can be obtained
only if the statistical sample is larger. The range of densities of
interest to star formation critically requires more CN Zeeman
measurements (detections and sensitive upper limits).
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Appendix A: Notes and references for individual
sources

W3OH: Distance from Reid et al. (2005), radius from Kim
et al. (2006); close to H II region, ~10” from submm source
(Mueller et al. 2002). Density is inferred from the observations
of C**S(3-2) and 5-4 by Plume et al. (1997).

OMCls, OMCInl, OMCIn4: Radii from Simon (1998),
Tatematsu et al. (1993).

NGC2024: Radius from Simon (1998); density from
CS multitransition analysis of Lada et al. (1997), adopting the
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mean logarithmic value of the density determined over the re-
gion emitting in CS(5-4). The CN position lies at the edge of the
densest north-south ridge.

S255: Radius from Simon (1998); the CN position in S255
coincides with the dust continuum source SMM?2, and the gas
density is derived from this study (Minier et al. 2005).

G10.6: Radius from Ho et al. (1994); the CN position is that
of the dust continuum emission peak (Mueller et al. 2002) and
the density is that deduced from CS multi-transition analysis by
Omodaka et al. (1992). This density is very close to that deduced
from the density distribution found by Mueller et al. (2002) for
that source, at half-power radius or 0.2 pc from the center.

M17SWHI, M17SWCN: The CN peak in M17SW is at the
edge of the dense PDR and the H, density is inferred from the
CS multitransition analysis of Wang et al. (1993). It is consis-
tent with the density derived from HC3N by Bergin et al. (1996).
There is no indication, according to these tracers for a lower den-
sity at the position of M17SW(HI), 1.5” south of M17SW(CN).

S106CN, S1060H: Radius from Simon (1998); distance
from Schneider et al. (2007); density from Vallée & Fiege
(2005).

DR210OHI1, DR210OH2: Radius from Padin et al. (1989);
density from Vallée & Fiege (2006).

S140: The CN peak (Simon 1998) is 3” east, 5" south of
SMM1 (Minchin et al. 1995); the density is inferred from the
CS multitransition analysis of Zhou et al. (2004).
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